ABSTRACT. Estrogen regulates reproductive behavior and drives the proliferation and differentiation of several cell types. These physiological functions of estrogen are mediated by estrogen receptors (ERs), and each ER isoform plays a distinct role. To clarify the molecular mechanism of estrogen action and to evaluate the effect of ERs on the secretion of ovalbumin (OVA) in pigeon oviduct epithelial cells (POECs), we determined the complete coding sequences encoding ER alpha (ERα) and ER beta (ERβ) in pigeons. The abundance of pigeon ERα and ERβ mRNA was detected using quantitative polymerase chain reaction. These results revealed that pigeon ERα is highly expressed in the oviduct, while pigeon ERb is highly expressed in the ovary and kidney. We hypothesize that ERα mRNA predominates over that of ERβ in the oviduct. The expression of ERα can be down-
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INTRODUCTION
Estrogen receptors (ERs) are members of the nuclear receptor superfamily that mediates the physiological functions of estrogen. Human ER alpha (ERα) and rat ER beta (ERb) were cloned and sequenced in 1986 by Green et al. and in 1996 by Kuiper et al., respectively. Since the discovery of ERβ, the mechanisms of action of estrogen have been reevaluated (Nilsson et al., 2001) . As members of the nuclear receptor family, both ERs share a common structural architecture. They are composed of six functional domains, A to F, on the basis of conserved regions upon comparison of ERα amino acid sequences of several species . Estrogen binding to ER homodimers/heterodimers can lead to a change in the transcription rate of target genes. In avian species, the cDNA sequence of chicken ERα was first cloned in 1986 by Krust et al. and Recent studies have characterized the expression of ERα and ERβ in various tissues (Bookout et al., 2006; Chen et al., 2011) , revealing that differences in the expression of the two ER isoforms induce gene regulation. Both ER subtypes are present in multiple human tissues: ERα is highly expressed in the uterus, while ERβ is mainly expressed in the ovary (Bookout et al., 2006) . Furthermore, expression of the ERβ protein fluctuates during the estrous cycle in rat ovaries (Hiroi et al., 1999) . To date, the relative tissue expression pattern of ERs has been limited to a few reports in avian species.
The ability of estrogen to modulate ERα expression has been most extensively studied in cell lines (Treilleux et al., 1997; Robertson et al., 2002) . One hypothesis suggests that estrogen induces trans-acting factors to bind to specific elements of ER mRNA molecules, and protects their ends. The mRNA of ERs has an unstable 3'-untranslated region (UTR) that exceeds 4000 bases. The 3'-UTR contains several AUUUA sites, which are typically present in unstable oncogene mRNAs (Peng et al., 1996; Kenealy et al., 2000) . Estrogen may stabilize endometrial ER mRNAs by inducing proteins to bind to specific sequences in the 3'-UTR. However, studies show that treatment with estrogen induces down-regulation of ERα mRNA that appears to be caused by its reduced stability (Borras et al., 1994; Saceda et al., 1998) . Relatively little is known about the ability of estrogen to regulate the expression of ERs in pigeon oviduct epithelial cells (POECs).
In chickens, ovalbumin (OVA), the major constituent of egg white, is synthesized in the oviduct under estrogenic induction (Kohler et al., 1969; Palmiter and Wrenn, 1971) , and its 5'-flanking region contains a corresponding DNA recognition sequence (AGGTGA) that is recognized by the ERα and ERβ P-box (CEGCKA) (Glass, 1994) . Thus, we deduced that ERs have a certain function in the expression of OVA mRNA, although the role that ERs play in the expression of OVA in POECs is unknown.
The pigeon (C. livia), an important domestic species worldwide, is an altricial bird and a good model to study the pattern of reproduction in avian species in which both parents participate in the care of eggs and youngs. The main objectives of this study were to isolate the full-length pigeon ERα and ERβ mRNA, and to examine the expression profiles of these two receptors in various tissues. Furthermore, we investigated whether the expression of pigeon ERα might be regulated by estrogen in vitro, and the potential role of ERα in expression regulation of OVA mRNA in POECs.
MATERIAL AND METHODS

Experimental animals
One 15-month-old female King Pigeon was killed, and its oviduct and ovary were collected for cloning and sequencing of ER cDNA. Eight 2-year-old female King Pigeons were used for quantitative polymerase chain reaction (qPCR) analysis. Fifteen tissues (oviduct, ovary, heart, liver, spleen, lung, kidney, abdominal fat, stomach, skeletal muscle, hypothalamus, brain, intestine, craw, and pancreas) were collected, immediately frozen in liquid nitrogen, and stored at -70°C until total RNA was extracted. All pigeons used in experiments were cared for and slaughtered following standard ethical practices.
Cell culture
POECs were isolated based on methods described in Jung et al. (2011) and Kasperczyk et al. (2012) , with some modifications. Oviduct tissue was collected from a 5-month-old laying-period pigeon that had not been stimulated with hormones. The infundibulum, magnum segments from the oviduct of pigeons was dissected, and the surface of the oviduct was carefully removed, along with mucosa and blood vessels. The manicured tissue was washed in phosphate-buffered saline containing 200 U penicillin and 200 U streptomycin, and cut into 1-to 2-mm 3 pieces. Subsequently, the pieces were digested with 1 mg/mL collagenase type I for 50 min at 37°C in a shaking water bath. The dissociated cells were filtered through a 150-µm copper sieve, and the filtered cells were centrifuged at 1000 rpm for 8 min and washed in Dulbecco's modified Eagle's medium (DMEM)-F12 media. The differential adhesion method was used to retrieve the purified POECs. Cells were seeded onto 24-well cell culture plates at a density of 4 x 10 6 cells/cm 2 . Purified POECs were cultured with DMEM-F12 medium (Invitrogen, Carlsbad, CA, USA) containing 10% fetal bovine serum, antibiotics (100 U penicillin + 100 U streptomycin), 40 ng/L epidermal growth factor, 20 µg/L insulin, and 10 µg/L glutamine in an incubator with 5% CO 2 at 37°C. Furthermore, 17β-estradiol was added to the medium to assess its effect on the expression of pigeon ERα.
Short interfering RNA (siRNA) transfection was performed on 24-well plates. Predesigned siRNA for pigeon ERα (Genepharma, Shanghai, China) was transfected in primary cultured POECs using Lipofectamine TM 2000 Transfection Reagent (Invitrogen) according to the manufacturer protocol. The cells were harvested for RNA extraction 24 h after transfection.
Total RNA extraction and reverse transcription
Total RNA was extracted using TRIzol reagent (Takara, Osaka, Japan) according to the manufacturer protocol and treated with recombinant DNase I (Takara). The cDNAs used for cloning and sequencing were synthesized using the SMARTer TM RACE cDNA Amplification Kit (Clontech, Mountain View, CA, USA). M-MLV reverse transcriptase (Takara) was used to synthesize cDNA for qPCR.
Molecular cloning
Three primer pairs, ERa1F/1R, ERa2F/2R, and ERa3F/3R, were designed according to multiple alignments of reported mRNA sequences of ERa. Three overlapping fragments of the pigeon ERa were amplified by these primer pairs in oviduct tissue.
Using cDNA transcribed from the ovary as a template, two overlapping fragments of the pigeon ERβ were amplified by the primer pairs ERb1F/1R and ERb2F/2R. The full-length pigeon ERb was obtained using rapid amplification of cDNA ends (RACE) with the SMART RACE cDNA Amplification Kit (Clontech) according to the manufacturer protocol. All primer pairs used in this study are shown in PCR was performed using 2 mL cDNA in a mixture containing 20 mL (1 U) Ex-Taq polymerase (Takara), 160 µM each dNTP, and 4 mL 5X buffer, which was supplied by the manufacturer. The PCR conditions were 5 min at 94°C followed by 35 cycles at 94°C for 30 s, 50°-58°C for 30 s, and 72°C for 30-120 s. After a 10-min final extension step at 72°C, the products were visualized on 1% agarose gel using SYBR Green I (Invitrogen) staining. All fragments obtained were cloned into the PMD-19T plasmid vector (Takara), and sequenced by Invitrogen. The full-length complete coding sequences (CDSs) of pigeon ERa and ERb were obtained by assembling these fragments, and ultimately determined by evaluating which independent clones contained the whole open reading frame regions using ERaF/R and ERbF/R.
Sequence alignment and phylogenetic analysis
Amino acid sequences of the pigeon ERa and ERb were predicted based on the open reading frames of the expressed nucleotide sequences (http://www.ncbi.nlm.nih.gov/gorf/gorf. html). Amino acid sequences were aligned using CLUSTALX, version 2.0. A protein phylogenetic tree was generated with the MEGA software using the neighbor-joining method.
ER sequences used for the phylogenetic analysis were as follows: Alligator mississippiensis (alligator, ERa, AB115909; ERb, AB548298); Bos taurus (cow, ERa, NM_001024231; ERb, Y18017); Callithrix jacchus (marmoset, ERb, AF393816); Ceratotherium simum simum (rhinoceros, ERa, JN997452; ERb, JN997453); Coturnix japonica (quail, ERb, AF045149); Cynops pyrrhogaster (newt, ERb, AB524909); Elaphe quadrivirgata (rat snake, ERb, AB548297); Equus caballus (horse, ERa, NM_001081772); Eublepharis macularius (gecko, ERb, AB240529); Felis catus (cat, ERa, NM_001024231); Gallus gallus (chicken, ERa, HQ340611; ERb, NM_204794); Gyps africanus (vulture, ERa, AB447536); Homo sapiens (human, ERa, JF810888; ERb, AF051427); Hynobius tokyoensis (Tokyo salamander, ERb, AB524911); Mus musculus (mouse, ERa, NM_007956; ERb, MMU81451); Ovis aries (sheep, ERb, NM_001009737); Papio anubis (olive baboon, ERa, NM_001164587; ERb, NM_001164588); Pseudemys nelsoni (turtle, ERa, AB301060; ERb, AB548299); Rana rugosa (Japanese wrinkled frog, ERb, FJ828859); Rattus norvegicus (rat, ERa, AB477039; ERb, AB190769); Sturnus vulgaris (common starling, ERb, AF113513); Sus scrofa (pig, ERa, NM_214220; ERb, AF267736); Taeniopygia guttata (zebra finch, ERa, NM_001076701); and Xenopus tropicalis (clawed frog, ERb, BC171194).
qPCR analysis
The ABI 7300 system (Applied Biosystems, Foster City, CA, USA) and THUNDERBIRD TM SYBR ® qPCR Mix (Toyobo, Osaka, Japan) were used for qPCR to analyze mRNA levels of the ERa and ERb proteins. Assays were performed in a 50-mL system containing 5 mL cDNA template, 10 mL THUNDERBIRD TM SYBR ® qPCR Mix, 0.4 mL ROX reference dye (Toyobo), 0.4 mM ERadF/R and ERbdF/R or b-actinF/R, primers for the target genes or β-actin (control). The primer sequences of β-actin were obtained from the National Center for Biotechnology Information. The thermal cycler parameters were 94°C for 2 min, 40 cycles of denaturation at 94°C for 10 s, and annealing and extension at 60°C for 30 s. Pure water replaced the template as a negative control, and each sample was replicated three times. The relative expression levels of pigeon ERa and ERb were determined by 2 -ΔCt (DCt = Ct target gene -Ct β-actin ). Data are reported as means ± standard error (SE) of the mean.
qPCR efficiency and statistical analysis
The amplification efficiency of each primer used for the qPCR analysis was estimated by step dilutions. A standard curve with a 5-point 10-fold dilution series was used to calculate the amplification efficiency. The formula was as follows: E = 10 -1/slope -1. Significant differences in expression were determined by the Student t-test. Differences were considered to be significant when P values were <0.05.
RESULTS
Cloning and sequence analysis of pigeon ERα and ERβ
Pigeon ERa and ERb cDNAs were cloned from the oviduct and ovary, respectively. The complete CDSs obtained from these genes closely matched those of other avian ERa and ERb sequences. The pigeon ERa cDNA sequence was 1833 bp in length (GenBank accession No. JX413115). The encoded pigeon ERa was a 587-amino acid peptide. The full-length pigeon ERb clone generated was 2193 bp in length (GenBank accession No. JX413116) and encoded a protein of 553 amino acids.
Pigeon ERa and ERb contain the functional structure of nuclear receptors. Multiple alignment of the two ERs showed that pigeon ERs are highly similar to reptilian and avian ERs ( Figure 1A and B) . 
A B Expression of pigeon ERs in various tissues
The expression of pigeon ERa and ERb in various tissues was investigated by qPCR using the primers ERadF/R ( Figure 3A) and ERbdF/R ( Figure 3B ). The expression profiles of these two ER mRNAs were different. Pigeon ERa mRNA was highly expressed in the oviduct, whereas ERb was highly expressed in the ovary and kidney.
Relative standard curves showed very high amplification efficiencies for all primers (Figure 4 ).
Effect of 17β-estradiol on gene expression of ERα in POECs
To examine whether 17b-estradiol could induce the expression of ER genes in the pigeon oviduct, primary cultured POECs were treated with 17b-estradiol for 24 h. The working concentrations of 17b-estradiol were 10 Phylogenetic analysis revealed that pigeon ERa and ERb clustered into two subclades (Figure 2) . Additionally, these two proteins were more similar to those of reptilians and avians than to those of other vertebrates. 
Effect of ERα expression on OVA in POECs
To investigate the effect of ERa in mediating pigeon OVA expression in primary cultured POECs, an siRNA knockdown technique was utilized to reduce the expression of the pigeon ERa (53.09% suppression, P < 0.05; Figure 6A ). Total RNA was extracted from knockdown and control POECs, respectively, and used for qPCR. OVA mRNA levels were increased 4.08-fold (P < 0.01; Figure 6B ) in the ERa knockdown POECs. 
DISCUSSION
In the present study, we designed and utilized degenerate primers based on the sequences of ERs from other bird species, and obtained full-length sequences of pigeon ERa and ERb. We observed that both pigeon ERa and ERb CDSs showed strong similarity to the same receptors from other avian and reptilian species. The zinc finger DNA-binding domains between pigeon ERa and ERb are highly conserved and contain the functional elements of these receptors, including a P-box, D-box, PKA sit, and estrogen-responsive element (Figure  1 ), which are critical for target gene recognition, reorganization, and regulation (Joel et al., 1998; Vanacker et al., 1999) . Two transcriptional activation functions (AFs) exist in pigeon ERs: one, AF-1, is located within the N-terminal region, and the other is the moderately conserved AF-2 sequence that is embedded within the E/F domain. The weakly conservative AF-1 may be critical in explaining how ERs bind to the same response elements yet differentially regulate target gene transcription in vivo (Bain et al., 2007) . AF-2 is dependent on binding to recruiting proteins that contain helical LXXLL motifs for proper function. AF-1 may also functionally synergize with AF-2 to activate the transcription of target genes (Takimoto et al., 2003) .
The pigeon ERa and ERb clustered with those of other known vertebrates (Figure 2 ). Phylogenetic studies of nuclear and mitochondrial genes have supported the hypothesis that birds are more closely related to reptilian species than to other vertebrates (Cao et al., 2000; Katsu et al., 2006; Marquez et al., 2011) . ERa and ERb sequences of the American alligator clustered within a branch of a single clade comprising birds and crocodilians, while mammals clustered within another branch of this clade (Katsu et al., 2004) . Our results further support the hypothesis that pigeons are a sister group to crocodilians and birds.
Pigeon ER mRNAs were detected in various organs (brain, craw, fat, heart, hypothalamus, intestine, kidney, liver, lung, ovary, oviduct, pancreas, skeletal muscle, spleen, stomach, and testis), implying that ER functions widely in pigeons. Similar to that of humans, pigeon ERa was highly expressed in the oviduct and expressed at low levels in the pancreas and lung (Bookout et al., 2006) . ERb was detected to be highly expressed in pigeon ovary and kidney tissues, consistent with reports in mammals. The expression of pigeon ERb in the oviduct was relatively low. These results demonstrate that ERa mRNA predominates over that of ERb in the oviduct.
Regulation of ER by estrogen has not been clearly characterized. In vivo, ovine uterine cells responded to estrogen treatment by up-regulating the transcription of ERa mRNA (Ing and Tornesi, 1997; Robertson et al., 2001) . Estrogen also increased ERa mRNA levels in ZR-75 (Clayton et al., 1997) and Ishikawa cells (Robertson et al., 2002) . However, estrogen treatment decreased ERa mRNA in ECC-1 (Farnell and Ing, 2003) and MCF-7 cells (Saceda et al., 1998) . This effect was believed to be caused by the relatively low stability of ERa mRNA. In the present study, we found that treatment of POECs with 17b-estradiol resulted in a decrease in the expression of ERa mRNA. This finding provides new insight in the regulation of ERa in avian oviducts. Moreover, the expression level of ERa was down-regulated when treated with a physiological dose of 17b-estradiol (10 -7 M). Therefore, we conclude that the expression of pigeon ERa can be regulated by 17b-estradiol in a dose-dependent manner. Sanders and McKnight (1985) reported that a combination of progesterone and estrogen treatment expressed more OVA mRNA than an estrogen-only treatment in cultured chicken oviduct cells. Moreover, progesterone was able to repress the expression of ERa (Hsueh et al., 1976; Kraus and Katzenellenbogen, 1993) . Together, these findings suggest that ERa inhibits the expression of OVA mRNA in oviduct epithelial cells. In this study, we examined how ERa regulated OVA mRNA expression in POECs using the siRNA method. Consistent with our hypothesis, the knockdown of ERa significantly up-regulated OVA mRNA, thereby indicating that ERa plays an important role in OVA transcription. However, the mechanisms underlying the regulation of pigeon oviduct secretion of OVA and other tissues by ERa require additional study.
In conclusion, full-length cDNAs encoding pigeon ERa and ERb were here cloned and sequenced for the first time. The pigeon ERa was predominantly expressed in the oviduct, whereas ERb was highly expressed in the ovary. In cultured POECs, the expression of ERa was down-regulated by 17b-estradiol, and the knockdown of ERa promoted the expression of OVA mRNA.
